We have shown recently that adenosine deaminase (ADA)-deficient mice die perinatally with severe liver cell degeneration. In addition to enzyme substitution, we report the restoration of viability through introduction of the human ADA gene. The ADA gene is subject to complex developmental and tissue-specific regulation. To include the cis-regulatory elements necessary for correct regulation of the human ADA gene, a large transgenic locus constituting the human ADA gene with 10 kb of 5′ and 4 kb of 3′ flanking sequences was generated by co-injection of two overlapping DNA fragments into murine zygotes. Probably as a result of extrachromosomal (homologous) recombination between the fragments, one of the two transgenic lines contained a reconstituted, functional human ADA gene. As in man, human ADA expression generally was low in these transgenic mice, but high in the thymus, spleen and gastro-duodenal part of the gut. Apparently, all cis-regulatory elements essential for a human expression pattern were incorporated in the transgene and were functional in the murine background. Similarly to man, the upper alimentary tract of the transgenic mice revealed low human ADA activity in contrast to extremely high levels of murine ADA. The human gene probably lacks the cis-regulatory elements that target high level murine ADA expression to the murine upper alimentary tract. ADA-deficient mice rescued by introduction of the human ADA transgene appeared histologically and immunologically normal. Apparently, human ADA can complement murine ADA in all tissues, even in the epithelium of the upper alimentary tract where human ADA activity is as much as 70-fold lower than murine ADA activity in wild-type mice. Clearly, the lethal phenotype of ADA-deficient mice is due to the absence of ADA.
INTRODUCTION
Deficiency of adenosine deaminase (ADA) causes abnormalities in purine nucleoside metabolism due to the loss of hydrolytic deamination of adenosine and deoxyadenosine into inosine and deoxyinosine, respectively. In humans, this inborn error primarily interferes with lymphocyte maturation. Most patients are severely lymphopenic and lack both cellular (T-cell) and humoral (B-cell) immunity, resulting in severe combined immunodeficiency disease (SCID) (1) . To test treatment options, such as gene therapy, we set out to generate an ADA-deficient mouse via gene targeting to embryonic stem cells. In mice, however, ADA deficiency results in perinatal death associated with severe liver cell degeneration (2, 3) , which suggests a critical role for ADA during murine fetal development. In addition, the thymus of one ADA-deficient mouse, that died in its third postnatal day, showed extensive apoptotic cell death (2), a phenomenon also observed in mice after postnatal treatment with the ADA inhibitor 2′-deoxycoformycin (4, 5) . This suggests that if the ADA-deficient mouse survives prenatal development, it will develop immune deficiency. Interestingly, liver dysfunction has been described as a complication of ADA deficiency in man (6) .
To rescue the ADA-deficient mouse, we supplied it with a functional human ADA (hADA) gene by means of crossing the heterozygous ADA-deficient mouse with a hADA-bearing transgenic animal.
Although the ADA gene is ubiquitously expressed in mammals, ADA levels vary widely in various tissues and at different developmental stages. In mice, extremely high levels appear after birth in the epithelial lining of the alimentary mucosa of the tongue, oesophagus, forestomach and proximal small intestine (7) (8) (9) (10) (11) . Up to 50-fold lower but still relatively elevated levels of ADA are formed in the thymus (10) (11) (12) (13) (14) and the placenta (15) (16) (17) , of both mouse and man, and in the gastro-duodenal part of the gut of man (9, (18) (19) (20) .
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The complex pattern of ADA expression suggests the involvement of multiple cis-and trans-regulatory elements in achieving developmentally regulated expression in diverse cell types. Because the thymus is the predominantly affected tissue in human ADA-deficient SCID patients, the delineation of the cis-regulatory element directing high level expression to this tissue received special attention. Incorporation of such an element into viral vectors destined for ADA-deficient SCID gene therapy might help to improve transgene expression by genetically corrected thymocytes. Using mice bearing chimeric reporter genes, the element controlling expression in human thymocytes was located to a 2.3 kb locus control region in the first intron of the human gene (9, (21) (22) (23) . Similarly, 6.4 kb of 5′ flanking sequences of the murine ADA (mADA) gene directed expression of a reporter gene to the fetal placenta and forestomach of transgenic mice (24) . Insertion of these mADA 5′ flanking sequences in front of the mADA cDNA rescued ADA-deficient fetuses from perinatal lethality (25) . So far the regulatory elements involved in high level expression of mADA in the maternal decidua and proximal small intestine have not been identified.
The human and murine ADA proteins are encoded by single genes consisting of 12 exons (26) (27) (28) . The human (∼32 kb) and murine ADA genes (∼26 kb) share a classical mammalian 'housekeeping-gene' promoter (GC-rich, lacking obvious GAAC and TTAA boxes), as well as nearly identical exon-intron boundaries. Both genes contain a large first intron, that comprises almost half of their total length. Murine ADA (341 residues) lacks the 11 C-terminal amino acid residues of hADA (29) , due to an additional stop codon in exon 11. The proteins are 83% identical, and essential residues in the active site have been conserved (30) .
To rescue the ADA-deficient mouse and to demonstrate additional regulatory elements of the hADA gene, transgenic mice bearing hADA were generated. In order to achieve correctly regulated hADA expression, as many cis-regulatory sequences as possible were to be included in the transgene. Because the cloning of DNA fragments into cosmids is size-limited, two overlapping hADA DNA fragments were co-injected into murine zygotes. Although neither of the individual fragments contained the entire coding region of the hADA gene, extrachromosomal (homologous) recombination between the two fragments apparently resulted in the reconstitution of a functional hADA gene. Together, the two fragments constitute the hADA gene with 10 kb of 5′ and 4 kb of 3′ flanking sequences.
In this study, we show that the transgenic mouse carrying the hADA gene displays an expression pattern reflecting that of ADA in man. Although there are minor differences between the transgenic and endogenous human ADA activities, all trans-acting factors and cis-regulatory elements necessary for a human-specific ADA expression pattern apparently are present and functional in a murine background. The major difference in expression levels of transgenic hADA and endogenous mADA, observed in the epithelial layer of the upper alimentary tract, reflects the difference in ADA expression between man and mouse, and is possibly associated with structural differences between these species.
Introduction of the hADA transgene into ADA-deficient mice restored viability. Remarkably, although the activities of the rescuing hADA were as much as 70 times lower than the normal mouse levels in the epithelial layer of the tongue, oesophagus and forestomach, the rescued mice appeared normal and showed no histological and immunological abnormalities.
RESULTS

Generation of mice carrying the full-length human ADA gene
Transgenic mice expressing hADA were generated by co-injection of the two overlapping DNA fragments, 5′ hADA and 3′ hADA, into murine zygotes (Fig. 1) . Since none of the individual fragments contains the entire coding region of the hADA gene, extrachromosomal (homologous) recombination of both fragments is required to reconstitute a functional hADA gene. Together, the fragments comprise the genomic hADA gene with 10 kb of 5′ and 4 kb of 3′ flanking sequences.
Of two independently generated transgenic lines analysed by zymogram analysis, one revealed additional ADA activity co-migrating with hADA. The offspring of this founder was used for further characterization.
Due to the absence of unique restriction sites outside the overlapping region (19.5 kb), it was impossible to determine the structure of the transgene locus. To confirm that the additional ADA activity on the zymogram was encoded by an intact hADA transgene, Western blot analysis with an hADA-specific monoclonal antibody was performed. Indeed, a protein of the correct size (41 kDa) was detected in tissues of transgenic offspring which was absent in tissues of non-transgenic littermates (Fig. 2) . In addition, an RNase protection assay with a probe spanning almost the entire hADA messenger revealed one band of the correct size (data not shown). Because this transcript contains sequences unique to the 5′ and 3′ hADA fragment, its correct size indicates the presence of at least one intact transcriptional unit. Together, these results strongly suggest that the transgenic ADA is correctly reconstituted and processed, authentic human ADA.
Slot-blot analyses were performed to determine the number of each of the transgenic fragments. Probes III (Fig. 1A) and V (hADA exon 12) demonstrated the presence of 1-2 copies of both the 5′ and 3′ hADA fragment per cell, whereas probe IV (hADA exons 5-8), specific for their overlapping region, yielded a hybridization signal of 1-3 copies per cell (data not shown). Therefore, probably one but no more than two functional hADA genes are present per cell.
The human versus murine ADA expression pattern in transgenic mice
Zymogram analysis has the advantage of allowing a semi-quantitative comparison of transgenic hADA activity versus endogenous mADA activity. Only tissues of transgenic origin revealed hADA activity. While in most tissues transgenic hADA and endogenous mADA activity were relatively low, they were high in the thymus, spleen, the duodenum and (glandular) stomach (Fig. 3A) . In most tissues, the ratio of human to murine ADA activity was in the same range of ∼1:2 (thymus, spleen, kidney, adrenal gland, bladder, uterus, ovary, lung, trachea, ileum, cecum, colon, bone marrow, femur, blood; see also Fig. 3A ). This is in agreement with the transgenic mice having only one functional hADA gene and two mADA genes. Brain, skin, skeletal and cardiac muscle, however, showed a higher human than murine ADA activity (see also Fig. 3A ). In contrast to the situation in man, the ADA activity in adult mice is extremely high in their upper alimentary tract (11) . Because the enzyme is localized predominantly to the alimentary mucosa, ADA activities were determined in the mucosal and muscle layer of the tongue, oesophagus and forestomach, separately. Compared with the endogenous mADA activity, transgenic hADA activity in the muscle fractions was somewhat lower. However, compared with the very high endogenous mADA activity in the mucosal fractions, hADA was rather low (for tongue and forestomach, see Fig. 3B ).
The hADA transgene restores viability of ADA-deficient mice
We recently have generated ADA-deficient mice, which die perinatally (2) . In order to determine whether hADA could reverse the abnormalities resulting from the absence of ADA, mice heterozygous for the mADA gene (mADA+/-) were crossed with mice heterozygous for the hADA transgene (mADA+/+,hADA+/-). Subsequently, littermates heterozygous for both the murine and human ADA genes (mADA+/-,hADA+/-) were intercrossed to obtain mADA-deficient mice carrying hADA (mADA-/-,hADA+). The progeny were genotyped at weaning. No mADA-deficient mice of the genotype mADA-/-,hADA-were found, in contrast to mADA-/-,hADA+ mice, which were among the survivors (Fig. 1B) . This indicates that the presence of functional hADA in ADA-deficient fetuses protects them from perinatal death. Apparently hADA can complement mADA. In addition, both male and female rescued mice were fertile.
The mADA-deficient mice carrying hADA appeared phenotypically normal. Histological examination showed none of the abnormalities typical of mADA-deficient newborn mice, such as the severe liver cell degeneration, incomplete expansion of the lungs and small intestinal cell death (2) . Although the ADA activity in mADA-deficient mice carrying hADA is relatively low in the mucosal epithelium lining the upper alimentary tract, To show hADA activity in the presence of the high levels of mADA activity, for the tongue, lysates (2-4 µg protein) are derived from heterozygous mADA-deficient mice (mADA+/-,hADA-), heterozygous mADA-deficient mice carrying hADA (mADA+/-,hADA+) and mADA-deficient mice carrying hADA (mADA-/-,hADA+). For the forestomach, lysates (5-15 µg protein) are derived from wild-type mice (mADA+/+,hADA-), transgenic mice bearing hADA (mADA+/+,hADA+) and mADA-deficient mice carrying hADA (mADA-/-,hADA+). As positive controls, human (hu) and murine (mu) red blood cell lysates containing haemoglobin (Hb) were used.
where wild-type mice specifically develop extremely high levels of ADA, no pathology was observed in the tongue, oesophagus and forestomach (for liver and oesophagus see Fig. 4A and B) .
Heritable (partial) deficiency of ADA selectively causes a mild to severe immune dysfunction in humans, which can manifest itself early in life or at later stages (31) , and inhibition of ADA activity in adult mice causes lymphopenia and immunodeficiency (4, 5) . Therefore, the lymphoid cells of wild-type mice (n = 2), heterozygous mADA-deficient mice (n = 2) and mADA-deficient mice carrying hADA (n = 4) were counted and analysed for their composition and proliferation upon mitogen stimulation. No significant differences were detected in the number of thymocytes (mADA+/+: 62 ± 13×10 6 ; mADA+/-: 39 ± 23×10 6 ; mADA-/-,hADA+: 34 ±17×10 6 ) and splenocytes (mADA+/+: 118 ± 100×10 6 ; mADA+/-: 156 ± 21×10 6 ; mADA-/-,hADA+: 190 ± 72×10 6 ). Flow cytometric analysis revealed no noteworthy differences in relative frequencies of CD4-CD8-double negative, CD4+CD8+ double positive, CD4+CD8-or CD4-CD8+ single positive thymocyte subpopulations (Fig. 5A ). For splenocytes, neither large differences in relative B-(B220 positive) and T-cell numbers were observed among the different genotypes (Fig. 5B) . In addition, spleen and thymus cells were stimulated with specific B-(lipopolysaccharide, LPS) and T-cell mitogens (concanavalin A, ConA or phytohaemagglutinin, PHA). Again, no major differences were observed in the proliferative responses of spleen and thymus cells of the different genotypes to mitogen stimulation (not shown).
Minor differences between mice in the different assays performed are probably due to the mixed genetic background of the mice: a genetic mix of the hADA-bearing transgenic forefather (C57BL/6×CBA) and the mADA gene-targeted forefather (129Ola or 129Ola/FVB). Mice from different litters were studied, as the littersize excludes enough mice of the desired phenotypes being obtained within one litter of a cross between mADA+/-,hADA+/-parents (at birth 1/16 is mADA+/+,hADA-/-, 2/16 are mADA+/-,hADA-/-and 2/16 are mADA-/-,hADA+/-).
The success of the rescue experiment provides compelling evidence that the perinatal lethality and specific pathology of ADA-deficient mice are the effect solely of the absence of ADA.
Transgenic human versus murine ADA activity in the upper alimentary tract
Murine ADA-deficient mice carrying hADA express only hADA, so hADA activity could be measured quantitatively without interference from mADA activity. The ADA activities determined in thymus and lung (Table 1) confirmed the semi-quantitative zymogram results (Fig. 3 ) that had shown an ∼1: 2 ratio for transgenic hADA activity:mADA activity. Because the major discrepancy between human and murine ADA expression resides in the mucosal epithelium lining the tongue, oesophagus and forestomach (10), these tissues were studied in more detail in mADA-deficient mice carrying hADA (see also Fig. 3B ). Transgenic hADA activities in the entire tongue, oesophagus and forestomach were 62-, 59-and 45-fold lower than mADA activities in the respective wild-type tissues ( Table 1 ). The tissues were dissected into a mucosal and muscle layer. Transgenic hADA levels appeared much lower than murine levels in the mucosal layer of the oesophagus (71×) and forestomach (52×), whereas the muscle layer showed only an 8-and 4-fold lower transgenic hADA than murine activity; the latter being close to the 2-to 3-fold difference observed for lung and thymus (Table 1 ). In contrast, the ADA activities of the separate layers of the tongue revealed a 14-and 18-fold lower transgenic hADA than murine activity in both the epithelial and muscle layers, respectively. Because separating the mucosal from the muscle layers of the tongue is particularly difficult, the high mADA activity measured for the muscle fraction is most probably due to contamination with mucosal material.
In wild-type mice, mADA activity appeared 4-, 14-and 11-fold higher in the mucosal layer than in the muscle layer of the tongue, oesophagus and forestomach, respectively. In the mADA-deficient mice carrying hADA, transgenic hADA levels of the epithelial and muscle layers appeared about equal in the oesophagus and the forestomach. The mean transgenic hADA activity in the mucosal layer of the tongue was 5-fold higher than in the muscle layer.
Purine nucleoside phosphorylase (PNP) activity was similar in tissues of both genotypes. The PNP activities in tissues of mADA+/+,hADA-mice versus mADA-/-,hADA+ mice, respectively, were (in nmol/min per mg of protein): thymus, 57 ± 11 (n = 5) versus 50 ± 13 (n = 3); lung, 44 ± 16 (n = 5) versus 47 ± 10 (n = 3); tongue (mucosa/muscle), 22 ± 4 (n = 2) versus 24 (n = 1) 
Additional rescue studies
In addition to the successful genetic approach described here, several other strategies for rescuing the mADA-deficient mouse were attempted.
First, since it has been found that genetic background can influence phenotype (32, 33) , heterozygous ADA-deficient 129/Ola mice were backcrossed for up to four generations with wild-type FVB, CBA, C57BL/6 and BALB/c mice. However, upon mating heterozygous ADA-deficient mice, the ADA-deficient newborns died perinatally, no matter what their genetic composition was.
Secondly, mADA-deficient mice were injected with PEG-ADA (bovine ADA modified by attachment of polyethylene glycol; a gift from Enzon, Inc.). In the clinic, intramuscular (bi)weekly injections with PEG-ADA improved the immune function of human ADA-deficient SCID patients (31). Three procedures were followed to get the ADA-deficient mice to survive the critical fetal period. First, newborn mice received PEG-ADA (0.25 U) intraperitoneally immediately at birth. This, however, did not protect the ADA-deficient littermates, probably because too much metabolic damage had already been done. Secondly, injecting pregnant females every 2-3 days with PEG-ADA (7.5 U) also had no effect on the viability of ADA-deficient newborns. Testing the seral ADA activity of injected mothers and their litters revealed high (PEG-) ADA levels at the maternal site only, suggesting that PEG-ADA does not cross the placenta. Thirdly, embryos were injected in utero (0.25 U) at day 14 of gestation. Preliminary results indicate that this pharmacological approach, though technically difficult, temporarily rescues the ADA-deficient embryos. So far, we have obtained one ADA-deficient mouse that died only on the ninth day of its life, having received PEG-ADA once at the 14th day of gestation.
DISCUSSION
We generated transgenic mice expressing a functional hADA gene by co-injecting two overlapping DNA fragments into murine zygotes. Since none of the individual fragments contained the entire coding region of the hADA gene, reconstitution of the gene most probably occurred via (homologous) recombination between the fragments before integration into the genome of the zygote. This hypothesis is sustained by the detection in transgenic tissues of correctly sized hADA mRNA and correctly sized hADA protein. High efficiency extrachromosomal homologous recombination in murine zygotes has been reported previously (34) . Together, the fragments constitute the 32 kb hADA gene flanked by 10 kb of upstream and 4 kb of downstream sequences.
The expression pattern of the hADA transgene in mice closely matched the expression pattern of hADA in man, ADA activity being generally low, but high in the duodenum, stomach, thymus and spleen (Fig. 3A) . Placental ADA activity, however, high in man, is yet to be determined in hADA transgenic mice. Heterozygous ADA-deficient mice were crossed with transgenic mice bearing the hADA gene to obtain mADA-deficient mice expressing only transgenic hADA. In spite of the considerable variations in hADA activity in man [due to genetic composition and age (9, 13, 14, 18, 19) ], the transgenic hADA activity in mice approached the activity reported for man (Table 1) . Together, the results suggest that all cis-regulatory elements essential for a human pattern of ADA expression are contained within the transgene. Moreover, trans-acting factors involved in the correct regulation of ADA gene expression appear conserved between man and mouse. Although previous studies showed that the 230 bp minimal hADA promoter directed expression of a reporter gene to all (except haematopoietic) cells, the expression pattern did not always reflect the tissue distribution of endogenous mADA (35) . In addition, 4.3 kb of hADA 5′ flanking sequences and 12.8 kb of the human first intron revealed correct reporter gene expression in the thymus, but not in the spleen, stomach and duodenum of transgenic mice (9) . Our present data suggest that the sequences necessary for correct human ADA expression are located within a region starting 10 kb upstream of the translation initiation site extending to 4 kb downstream of the 3′ polyadenylation site.
Although in transgenic mice the expression of hADA seemed to follow mADA expression with about half the endogenous mADA activity, a discrepancy existed in the upper alimentary tract. In contrast to the extremely high endogenous mADA activity, transgenic hADA activity was relatively low in the epithelial layer of the tongue, oesophagus and forestomach (Fig.   3B ). In mice, ADA is synthesized in extremely large quantities in the keratinized squamous epithelium lining the upper alimentary tract, where it accounts for up to 20% of the total soluble protein (10) . To study this difference in more detail, ADA activity was measured separately in the mucosal and muscle layer of tongue, oesophagus and forestomach of wild-type mice and of mADA-deficient mice carrying hADA. In the epithelial layer of these tissues, transgenic hADA activity was 14-, 71-and 52-fold lower than mADA activity, respectively (Table 1) , and about equal in the epithelial and muscle layers in which respect it differs from the situation in wild-type mice. The discrepancy between the low transgenic hADA activity in total tissue compared with the higher activities in the separate layers of mADA-deficient mice bearing hADA (Table 1) is not understood, but might result from the slightly different procedures used to process these tissues.
Winston et al. reported that 6.4 kb of 5′ flanking sequences of the mADA gene cause elevated expression of a reporter gene in the epithelium of the upper alimentary tract and fetal placenta of transgenic mice, but not in the duodenum and maternal decidua (24) . Apparently, different mADA gene regulatory elements are active in various murine tissues characterized by high levels of ADA. Interestingly, the mucosal epithelium of the upper alimentary tract is structurally different in man and mouse, having a keratinized squamous epithelium in mice only (11) . In mice, the appearance of ADA in the forestomach, oesophagus and tongue coincides with maturation of the mucosal epithelium into a keratinized structure (11) . Our data, showing only low transgenic hADA expression in the keratinized mucosal epithelium of the upper alimentary tract of mice, suggest that this level of expression is defined not by trans-acting factors but by cis-regulatory elements. Because hADA expression in man and in transgenic mice is not up-regulated, the hADA gene most likely lacks the sequences required for high level expression in the upper alimentary tract.
It is noteworthy that zymogram analysis showed that the high activity of transgenic hADA in the stomach (Fig. 3A) is localized to the glandular stomach and not to the forestomach of transgenic mice (data not shown). In contrast to the situation in mice, the human stomach is not separated into a histologically distinct distal glandular portion and a proximal forestomach. Structurally, the human stomach resembles the glandular stomach of mice in that it has a non-keratinized, mucosal glandular epithelium. Since ADA levels both in man and mouse are relatively high in the (glandular) stomach (Table 1) (9) (10) (11) 18, 19) and different murine cis-regulatory regions drive high level expression in the gastro-duodenal part of the gut versus the forestomach (oesophagus and tongue, 24), this structural resemblance might explain why transgenic hADA activity is selectively high in the glandular stomach of transgenic mice. We speculate that man and mouse share cis-regulatory elements targeting expression to the gastro-duodeno-jejunal part of the gut. For comparison, recently a murine homologue of the hADA thymic enhancer was identified in the first intron of the murine gene (36) . Furthermore, the higher transgenic activity of hADA versus mADA in the skin, brain, skeletal and cardiac muscle of the transgenic mouse reflects the reported differences in organ distribution between these two species (9) (10) (11) (12) (13) (14) 18, 19) .
Mice lacking ADA die around birth. They exhibit liver cell damage associated with purine metabolic disturbances and interference with transmethylation reactions (2,3). Our rescue strategy of introducing hADA sequences into ADA-deficient mice restored viability and completely corrected the histological abnormalities typical of knock-out mice. Although transgenic hADA activity was <50% of normal in most tissues, this appeared sufficient for a wild-type phenotype. Moreover, despite the fact that in the upper alimentary tract of rescued mice ADA activity is as much as 70 times lower than in the wild-type, this region showed no histological abnormalities. Apparently, high level ADA expression in the upper alimentary tract of wild-type mice is not a prerequisite for a normal physiological condition. In man, ADA levels vary widely among individuals, and levels as low as 7% of normal are sufficient (37) . In addition, ADA-deficient humans suffer from immune dysfunction, but show no defects in the gastrointestinal tract. When up to 20% of the soluble cellular protein in the mucosal epithelium of the murine upper alimentary tract is ADA, its physiological role might well be structural as well as enzymatic. Nevertheless, maybe under more extreme conditions (housing, feeding, microbiological status), the need for high level expression in the proximal alimentary tract of mice will become apparent. Witte et al. (38) have suggested that the high level of degradation of purines might be involved in a defense against parasites that are entirely dependent on exogenous purines derived from the host. Such a hypothesis might now be tested.
The rescue experiment proves that, due to the lack of ADA, ADA-deficient mice die perinatally. Introduction of an ADA gene from a patient possessing a low residual activity might provide us with a mouse not only surviving the critical fetal period, but also presenting the clinical phenotype of human ADA-deficient SCID. Such an animal model would be invaluable to test treatment options such as gene therapy.
MATERIALS AND METHODS
Generation of hADA transgenic mice
Cosmid clones ADA cos 4.3 and ADA cos 1.3, containing hADA genomic sequences, were isolated previously (39) . The 39.0 kb SalI insert from ADA cos 4.3, called 5′ hADA, contains 10 kb of upstream sequences and 29 kb of the hADA transcription unit (Fig. 1A) . The 25.8 kb SalI fragment isolated from ADA cos 1.3, called 3′ hADA, starts in the middle of hADA intron I and ends 4 kb downstream of the last exon (Fig. 1A) . Together, 5′ and 3′ hADA span a 45.3 kb region comprising the total hADA gene with an overlap of 19.5 kb (Fig. 1A) .
The 5′ and 3′ hADA fragments were gel purified and co-injected in equimolar amounts at a final concentration of 10 µg/ml into zygotes from superovulated B6CBA F1 (C57BL/6×CBA) mice. Transgenic mice were generated essentially as described (40) .
DNA analysis
Genomic DNA, isolated from tail tips clipped at weaning, was prepared as described (41) . Southern blot and slot-blot analyses were performed according to standard procedures (42) . The probes used were (see also Fig. 1A ): I: a 3.0 kb HindIII genomic mADA fragment recognizing both the 11.0 and 9.5 kb EcoRI fragment diagnostic for the wild-type and the mutated mADA allele, respectively; II: a 1.2 kb KpnI genomic mADA fragment recognizing an 8.3 kb EcoRI mADA fragment; III: a 0.85 kb EcoRI-XhoI genomic hADA fragment hybridizing with a 5.0 kb EcoRI hADA fragment diagnostic for the non-overlapping region of 5′ hADA; IV: a 350 bp PstI-BglII hADA cDNA fragment harbouring exons 5-8 derived from pAMG1 (39) , recognizing the overlapping region of 5′ hADA and 3′ hADA; and V: a 200 bp PstI-SstII hADA cDNA fragment containing exon 12 isolated from pAMG1, diagnostic for the non-overlapping region of 3′ hADA.
The copy numbers of 5′ and 3′ hADA were determined by slot-blot analyses on calibrated amounts of the transgenic fragments as standards. Probes III, IV and V were used in three consecutive hybridization experiments.
To discriminate between mice heterozygous and homozygous for the transgenic locus, Southern blot analysis of EcoRI-digested DNA was performed with probe II. As an internal standard for the amount of loaded DNA, probe III was used. All quantitations were done with a Phosphor Imager device (Molecular Dynamics). Only mice heterozygous for the transgene were selected for the experiments.
Isolation and processing of tissues
Adult animals were euthanatized with ether. Tissues were removed quickly, rinsed in phosphate-buffered saline and placed on ice. Tissues were stored at -70_C, if not directly processed. Separation of the muscle layer from the epithelial layer of the tongue, oesophagus and forestomach was performed by incubation in 0.02 M EDTA pH 7.5, in RPMI 1640 (Gibco) at 37_C for several hours (11) .
RNase protection assay
RNA from transgenic and non-transgenic mouse tissues (stomach, and skeletal muscle) and human cells (Epstein-Barr virus-transformed B-cells, 43), was isolated by the LiCl-urea method (44) . The RNase protection assay was performed as described (45) . As a probe, an antisense fragment able to protect almost the entire hADA mRNA (1354 of 1498 nt) was used. To this end, the 1402 bp SstII hADA cDNA fragment from pAMG1 (39) was inserted into the SstII restriction site of pBluescript II SK (Stratagene). Upon linearization of this vector with EcoRI, the antisense probe was synthesized with T3 polymerase.
ADA assays
Preparation of lysates from tissues was essentially according to Meera Khan (46) . Tissues were homogenized in 750 µl of lysis buffer (5 mM Na 2 HPO 4 /NaH 2 PO 4 pH 6.4, 1 mM EDTA, 1 mM β-mercaptoethanol) on ice. Carbon tetrachloride was used to remove fatty elements. Lysates were used directly, stored at -70_C, or kept at 4_C, in case of spectrophotometric analysis, for up to 1 week. Protein concentrations of tissue lysates were determined by the Bradford method with bovine serum albumin as a standard.
Western blot analysis. Tissue lysates (50 µg of protein) were fractionated by 12.5% SDS-PAGE, transferred to nitrocellulose and incubated with F59.1.7, a human ADA-specific monoclonal antibody. Goat anti-mouse IgG-alkaline phosphatase conjugates were used to detect bound antibodies (47) . Compared with murine ADA, human ADA contains 11 additional amino acid residues at its carboxy-terminus. The hADA-specific monoclonal antibody F59.1.7 was elicited in mice against an 18 amino acid peptide containing 17 amino acids identical to the unique C-terminus of the hADA protein plus a cysteine at the amino-terminus.
Enzymatic assays. Zymogram analysis allowed assaying for the presence of both human and murine ADA activity and was performed essentially according to Meera Khan (46) . Briefly, tissue lysates (10 µg of protein, unless stated otherwise) were loaded on to cellulose acetate gels (Cellogel, Chemetron) which, after electrophoresis, were stained specifically for ADA activity. The spectrophotometric determination of ADA activity was, in principle, as described (48) . To a reaction mixture of 990 µl of 0.1 mM adenosine (Boehringer) in 0.05 M sodium phosphate pH 7.5, 2 µl of xanthine oxidase (XOD, 0.04 IU, Boehringer), 2 µl of nucleoside phosphorylase (NP, 0.04 IU, Boehringer) and 5-100 µl of tissue lysate were added. The inosine produced by the deamination of adenosine is further converted to uric acid by the added enzymes. The rate of production of uric acid was recorded at 37_C at a wavelength of 293 nm on a Gilford Response spectrophotometer. Similarly, to determine PNP activity spectrophotometrically, 2 µl of xanthine oxidase (XOD, 0.04 IU, Boehringer) and 5-100 µl of tissue lysate were added to a reaction mixture of 990 µl of 0.1 mM inosine (Boehringer) in 0.05 M sodium phosphate pH 7.5.
Histopathological analysis
The tongue, oesophagus, forestomach, duodenum, jejunum, ileum, thymus, spleen, lung, liver, cardiac and skeletal muscle were isolated from 5-to 9-month old mice. Tissues were fixed in 10% phosphate-buffered formalin. After processing to paraffin blocks, semi-serial sections stained with haematoxylin-phloxine-saffron (HPS) were produced. In total, four mADA-/-,hADA+ mice and three mADA+/+,hADA-controls were examined histologically.
Flow cytometric analysis
Thymuses and spleens were isolated, and single-cell suspensions were prepared. Non-erythroid cells were counted and subjected to two-colour immunofluorescence analysis. The antibodies used, either biotinylated or conjugated with fluorescein isothiocyanate (FITC) were: H129-19 (anti-CD4), 53-6.7 (anti-CD8), 53-2.1 (anti-Thy1.2) and RA3-6B2 (anti-CD45R). Antibodies were purchased from Pharmingen (53-2.1), or were a gift from F. Ossendorp (Immunohematology and Bloodbank, Academical Hospital Leiden, The Netherlands). Cells incubated with biotinylated antibodies were stained subsequently by incubation with periodinin chlorophyll protein (PerCP)-conjugated streptavidin. Flow cytometric analysis was performed on a FACscan (Becton Dickinson); 2×10 4 cells were analysed in each sample.
Mitogenic stimulation of lymphoid cells
The mitogenic stimulation assays were performed in 96-well round-bottom microtitre plates (Greiner, Nurtingen). Thymocytes and splenocytes (10 5 ) were cultured in 200 µl of RPMI 1640 tissue culture medium supplemented with 10% heat-inactivated fetal calf serum (Seralab), 2 mM L-glutamine, 1×10 -4 M β-mercaptoethanol, 100 U/ml penicillin and 100 µg/ml streptomycin. All cultures were performed in triplicate. The cells were stimulated with LPS (15 µg/ml; Difco), PHA [1% v/v (±90 µg/ml); Wellcome] and ConA (6 µg/ml; Pharmacia). In the case of thymocyte stimulation, recombinant human interleukin 1β (rhIL-1β, 25 U/ml ) was added. The cells were cultured in an atmosphere of 5% CO 2 at 37_C for 72 h, the last 4-5 h of which were in the presence of [ 3 H]thymidine (9.2 KBq/ well, sp. act. 74 Gbq/mmol, Amersham). The cells were harvested on glass fibre filters and the incorporated radioactivity was determined by liquid scintillation counting (TriCarb, Packard).
